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Mo+va+on

• Reduce	  labor	  for	  setup	  of	  design	  and	  geometric	  manipula4on	  	  to	  
automate	  and	  streamline	  design	  process

• Automa4on	  to	  reduce	  dependence	  on	  designer	  exper4se

• Strengthen	  both	  designer-‐guided	  and	  automated	  approaches	  to	  
design

• Capitalize	  on	  two	  decades	  of	  explosive	  growth	  in	  computer	  
graphics	  and	  3D	  modeling

• Capitalize	  on	  a	  decade	  of	  investment	  in	  sensi4vity	  analysis,	  
adjoint	  solvers	  and	  computa4onal	  power

July	  9-‐11,	  2013 NASA	  Aeronau+cs	  Research	  Mission	  Directorate	  FY12	  Seedling	  Phase	  I	  Technical	  Seminar	  

Goal: Use tools developed in the last two decades to dramatically 
simplify and automate aerodynamic shape design
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Background

How	  does	  the	  aerospace	  design	  process	  work?	  

Seek	  an	  automated	  system	  that	  evolves	  a	  shape	  from	  “bad”	  to	  “good”.	  
This	  requires:

• A	  method	  to	  manipulate	  geometry	  (the	  “modeler”)

• A	  design	  goal	  or	  “objec4ve	  func4on”	  (aka	  “cost	  func4on”)

• A	  method	  for	  evalua4ng	  this	  objec4ve	  (e.g.	  CFD,	  handbook	  
methods,	  FEM	  etc..)

• An	  op4mizer	  (GA,	  simplex	  method,	  gradient-‐based,	  SNOPT,	  NPSOL,	  
KNITRO,	  DAKOTA,	  BFGS,	  steepest	  descent,	  	  etc..)

July	  9-‐11,	  2013 NASA	  Aeronau+cs	  Research	  Mission	  Directorate	  FY12	  Seedling	  Phase	  I	  Technical	  Seminar	  

While discipline-specific tools have improved, the design process itself 
has changed little in the past 20 years
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• Nemec, M., and Aftosmis, M., Jol. Computational Physics doi:10.10.16/j.jcp.2007.11.018, (2007)
• Nemec, M., and Aftosmis, M., “Adjoint Sensitivity Comp. for an Embedded-Boundary Cartesian Method and CAD Geom,” ICCFD4, 2006.
• Nemec, M., and Aftosmis, M., “Aero. Shape Opt. Using a Cartesian Adjoint Method and CAD Geometry,” AIAA Paper 2006-3456, June 2006
• Nemec, M., and Aftosmis, M., “Adjoint algorithm for CAD-based shape opt. using a Cartesian method.” AIAA Paper 2005-4987, 2005
• Dannenhoffer, J.F., and Aftosmis, M.J., “Automatic creation of quadrilateral patches on boundary representations,” AIAA Paper 2008-0923, Jan. 2008.
• Haimes, R., and Aftosmis M.J, "On generating high quality "water-tight" triangulations directly from CAD" Proc. 8th Intrn. Grid Conf., Jun. 2002

Construc4ve	  Modelers	  use	  a	  recipe	  to	  
create	  a	  par4cular	  instance	  of	  a	  geometry

• CAD-‐based	  modelers,	  (e.g.	  Pro/E,	  Ca4a,	  
NX,	  SolidWorks,	  Parasolid	  etc.)

• Non-‐CAD	  modelers,	  (e.g.	  VSP,	  Rage,	  ESP,	  
Sumo,	  Jaguar,	  &	  many	  home-‐grown)

• Recipe	  uses	  parameters	  to	  control	  the	  shape	  of	  the	  object.	  e.g.	  Span,	  AR,	  
thickness,	  taper-‐ra4o,	  crank-‐loca4on	  etc.

• Design	  Variables	  (DVs)	  are	  construc4on	  parameter	  that	  can	  be	  modified	  by	  the	  
op4mizer.

• Note:	  Parameters	  are	  built-‐in	  to	  model,	  “Legacy”	  discrete	  geometry	  is	  DoA
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Discrete	  Modelers	  modify	  an	  exis4ng	  
discrete	  surface	  (e.g.	  triangula4on	  or	  
patches)	  and	  manipulate	  it	  following	  rules

• Deforma(on	  Techniques:	  
• FFD
• La_ces
• Cages
• Control	  Grids
• Radial	  Basis	  Func4ons
• Bump	  func4ons,	  etc..

• Exis(ng	  So8ware:	  Sculptor,	  MASSOUD,	  BandAIDS,	  Blender,	  Maya,	  
3ds	  Max	  etc.
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Enclose	  the	  geometry	  in	  regular	  la_ce
• Moving	  a	  la_ce	  vertex	  morphs	  the	  enclosed	  space
• Typically	  use	  3D	  splines	  or	  NURBS	  for	  volumetric	  mapping	  func4on

Discrete	  Modelers:	  La_ce	  Deformer	  or	  “FFD”	  (1986)

III. Deformation of Discrete Geometry

Lattice

Cage

Direct Manipulation

Surface-based

Skeletal

Figure 1: Deformation techniques, depicted schemati-
cally. User-adjusted parameters are in red. Dashed line is
the initial airfoil, solid line is the deformed airfoil. Though
illustrated here in 2D, each technique extends straightfor-
wardly to 3D.

The modern aerospace designer has a smorgas-
bord of deformation techniques to choose from. But
wading through the literature on the vast body of
methods can be daunting. We provide here a clas-
sification of the major techniques to give context to
our work. Further discussion can be found in a 1999
survey by Samareh.12

Deformation methods are either surface-based or
volumetric. The important distinction between the
two is the geometric region they focus on. Surface-
based methods focus on the surface, while having no
awareness of the encompassing volume. Conversely,
volumetric methods focus on the surrounding space,
while being agnostic to the details of the embed-
ded surface. This sharp dichotomy results in meth-
ods with complementary strengths and weaknesses,
which we discuss in the following sections. Figure 1
depicts the various techniques we discuss.

A. Surface-Based Deformation

Surface-based techniques define a deformation func-
tion on the surface itself. The simplest forms, such
as bump functions, use explicit analytic deformation
functions. As they are conceptually straightforward,
analytic surface-based techniques have a long his-
tory of use in aerodynamic design.13,14

Many modern surface-based deformation tech-
niques instead use variational (or energy-based) for-
mulations, which imitate the deformation physics of
real surfaces. Specifically, they compute the shape
that minimizes some global energy norm, which can
be tailored to produce shapes that minimize cur-
vature, surface area, or other surface characteris-
tics. Berkenstock and Aftosmis15 adapted a non-
linear variational method16 for use in aerodynamic
design. The deformations were of high quality, but
the method proved too expensive for fast-paced de-
sign. Linear variational methods achieve much faster deformations by introducing simplifications to the
physics, at the cost of sacrificing some deformation quality. Botsch and Sorkine17 provide a concise review
of linear variational deformation methods.

Surface-based methods are intrinsically surface-aware, which allows for physically realistic deformations
and makes it easier to preserve geometric features, such as straight leading edges on wings. However, their
reliance on global mesh information means that their computational cost scales with the complexity of
the surface discretization. Variational surface-based methods are usually una�ordable for finely detailed
aerospace configurations, where the number of vertices can easily exceed one million. One common strategy
for evading the computational scaling issue is to work instead with a coarse surrogate of the original surface,
such as the control net of a subdivision surface. Because the surrogate is much simpler, it can be deformed
rapidly. A fine surface can then be generated from the coarse mesh by fast iterative subdivision. Dubé et
al. used this technique for turbine blade design.9

Surface-based methods also impose exacting requirements on the geometry format. Typically a closed
and manifold triangulation is required. As non-aerodynamic disciplines use various incompatible geometry
formats (e.g. structural elements), surface-based methods are ill-suited for multi-disciplinary optimization.
Furthermore, the quality of surface-based deformation is limited by the quality of the surface discretization.
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Parameters	  (and	  DVs)	  are	  loca4ons	  la_ce	  ver4ces	  –	  non-‐intui4ve	  
and	  not	  on	  the	  surface	  of	  the	  geometry

Constraints	  can	  be	  challenging
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Construc4ve	  modelers
• All	  possible	  design	  useful	  parameters	  must	  be	  an4cipated	  and	  built-‐in	  at	  

4me	  of	  model	  construc4on	  (“gee,	  I’d	  really	  like	  to	  twist	  this	  wing”)
• Addi4onal	  parameters	  cannot	  be	  added	  without	  re-‐building	  model
• Constraints	  challenging	  if	  not	  explicitly	  built-‐in	  at	  construc4on

Discrete	  Modelers
• Large-‐scale	  deforma4on	  is	  challenging	  –	  orchestrate	  by	  linking	  la_ce	  verts
• Constraints	  a	  challenge	  –	  again,	  orchestrate	  by	  parameter	  linking...
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Construc4ve	  modelers
• All	  possible	  design	  useful	  parameters	  must	  be	  an4cipated	  and	  built-‐in	  at	  

4me	  of	  model	  construc4on	  (“gee,	  I’d	  really	  like	  to	  twist	  this	  wing”)
• Addi4onal	  parameters	  cannot	  be	  added	  without	  re-‐building	  model
• Constraints	  challenging	  if	  not	  explicitly	  built-‐in	  at	  construc4on

Discrete	  Modelers
• Large-‐scale	  deforma4on	  is	  challenging	  –	  orchestrate	  by	  linking	  la_ce	  verts
• Constraints	  a	  challenge	  –	  again,	  orchestrate	  by	  parameter	  linking...

All a designer knows at design onset are objectives and constraints. 
The most useful parameters for a particular objective only become 

apparent as design progresses.
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Summary	  of	  Innova+ons

1. On-‐the-‐fly	  Reparameteriza4on	  

• Constraint-‐based	  parameteriza8on	  &	  deforma8on

2. Automated	  Shape	  Parameter	  Selec4on

• Based	  on	  solu8on	  of	  the	  adjoint	  equa8on	  system

3. Leverage	  Modern	  CG	  and	  3D	  Modeling	  Tools

• From	  two	  decades	  of	  vigorous	  development	  in	  computer	  
graphics	  and	  anima8on
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Meeting our goal of accelerating and automating shape design rests 
on three innovations developed during Phase I
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Constraint-‐based	  parameteriza4on	  -‐	  Designer	  chooses	  relevant	  parameters	  at	  
design	  4me	  not	  during	  model	  construc4on

• Parameters	  can	  be	  enriched	  or	  changed	  to	  incorporate	  discoveries	  made	  during	  
op4miza4on

• Model	  construc4on	  does	  not	  need	  to	  an4cipate	  all	  possible	  useful	  parameters

• Opens	  design	  to	  use	  of	  “legacy”	  geometry,	  regardless	  of	  heritage

• Geometric	  constraints	  automa4cally	  sa4sfied	  –	  even	  when	  adding	  new	  
parameters

• All	  permuta4ons	  of	  geometry	  guaranteed	  to	  sa4sfy	  geometric	  constraints,	  no	  
need	  for	  penalty	  func4ons	  

Innovation #1: On-the-fly reparameterization 

Anderson, G.R., Aftosmis, M.J., and Nemec, M., “Constraint-based Shape Parameterization for Aerodynamic Design”. 
ICCFD7 Paper-2001. 7th International Conference on Computational Fluid Dynamics (ICCFD7), July 2012.
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Adjoint-‐guided	  shape	  parameter	  selec4on	  -‐	  Use	  adjoint-‐based	  sensi4vity	  
analysis	  to	  highlight	  regions	  of	  the	  geometry	  that	  most	  directly	  affect	  the	  
objec4ve	  of	  a	  par4cular	  op4miza4on

Innovation #2: Automated shape parameter selection 

Aftosmis, M. J., Nemec, M., and Cliff, S. E., “Adjoint-Based Low-Boom Design with Cart3D,” AIAA Paper 2011-3500, 
29th AIAA Applied Aerodynamics Conference, Honolulu, HI, June 2011. (Best paper award)

Example	  from	  low-‐boom	  design	  of	  forebody	  
of	  supersonic	  aircraj	  (2011)

• Solu4on	  of	  the	  discrete	  adjoint	  equa4ons	  
directly	  link	  regions	  of	  the	  surface	  to	  the	  
design	  objec4ve.

• Capitalize	  on	  this	  informa4on	  to	  chose	  the	  
most	  important	  places	  to	  add	  shape	  
control

• Adjoint	  already	  being	  solved	  for	  design	  
gradients,	  thus	  no	  addi4onal	  computa4on

Before Optimization

Density Adjoint Field
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Adjoint-‐guided	  shape	  parameter	  selec4on	  -‐	  Use	  adjoint-‐based	  sensi4vity	  
analysis	  to	  highlight	  regions	  of	  the	  geometry	  that	  most	  directly	  affect	  the	  
objec4ve	  of	  a	  par4cular	  op4miza4on

Innovation #2: Automated shape parameter selection 

Aftosmis, M. J., Nemec, M., and Cliff, S. E., “Adjoint-Based Low-Boom Design with Cart3D,” AIAA Paper 2011-3500, 
29th AIAA Applied Aerodynamics Conference, Honolulu, HI, June 2011. (Best paper award)

After Optimization

Density Adjoint Field

Example	  from	  low-‐boom	  design	  of	  forebody	  
of	  supersonic	  aircraj	  (2011)

• Solu4on	  of	  the	  discrete	  adjoint	  equa4ons	  
directly	  link	  regions	  of	  the	  surface	  to	  the	  
design	  objec4ve.

• Capitalize	  on	  this	  informa4on	  to	  chose	  the	  
most	  important	  places	  to	  add	  shape	  
control

• Adjoint	  already	  being	  solved	  for	  design	  
gradients,	  thus	  no	  addi4onal	  computa4on

(reshaped forebody)
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Innovation #3: Leverage modern CG & 3D modeling tools 

Anderson, G. R., Aftosmis, M. J., and Nemec, M., “Parametric Deformation of Discrete Geometry for Aerodynamic Shape 
Design,” AIAA Paper 2012-0965,  January 2012. 

Harmonic Coordinates for Character Articulation

Pushkar Joshi Mark Meyer Tony DeRose
Brian Green Tom Sanocki

Pixar Technical Memo #06-02b
Pixar Animation Studios

(a) (b) (c)

Figure 1: A character posed using using harmonic coordinates. (a) The character and cage (shown in black) at bind-time; (b) and (c) are
two poses from an animated clip. All images c� Disney/Pixar.

Abstract

In this paper we consider the problem of creating and controlling
volume deformations used to articulate characters for use in high-
end applications such as computer generated feature films. We in-
troduce a method we call harmonic coordinates that significantly
improves upon existing volume deformation techniques. Our de-
formations are controlled using a topologically flexible structure,
called a cage, that consists of a closed three dimensional mesh. The
cage can optionally be augmented with additional interior vertices,
edges, and faces to more precisely control the interior behavior of
the deformation. We show that harmonic coordinates are general-
ized barycentric coordinates that can be extended to any dimension.
Moreover, they are the first system of generalized barycentric coor-
dinates that are non-negative even in strongly concave situations,
and their magnitude falls off with distance as measured within the
cage.

CR Categories: I.3.5 [Computational Geometry and Object Mod-
eling]: Geometric algorithms, languages, and systems.

Keywords: Barycentric coordinates, mean value coordinates, free
form deformations, rigging.

1 Introduction

Character articulation, sometimes called rigging, is an important
component of high-end animation systems of the kind used in fea-
ture film production. Modern high-end systems, most notably Sof-
tImage XSI R� and Maya R�, offer a variety of articulation methods
such as enveloping [Lewis et al. 2000], blend shapes [Joshi et al.
2006], and chains of arbitrary deformations. In the realm of de-
formations, free-form deformations as introduced by Sederberg and
Parry [1986] are particularly popular for a number of reasons. First,
they offer smooth and intuitive control over the motion of the char-
acter using only a few parameters, namely, the locations of the free-
form lattice control points. Second, there are virtually no restric-
tions on the three-dimensional model of the character — the only
requirement is that the character model is completely enclosed by
the control lattice.

However, free-form deformation has some drawbacks. Articulat-
ing a multi-limbed character is best accomplished using a lattice
that conforms to the geometry of the character. However, given
the topological rigidity of a lattice, it is often necessary to combine
several overlapping lattices, and each of the lattices possess interior
points that can be difficult and annoying to articulate. The prob-
lem of multiple overlapping lattices was addressed by MacCracken
and Joy [1996] where lattices were generalized to arbitrary volume
meshes, but their method still requires the introduction and articu-
lation of numerous interior control points.

Ju et al [2005] introduced a promising new approach that is even
more topologically flexible, wherein the character to be deformed
(henceforth called the object) is positioned relative to a coarse
closed triangular surface mesh (henceforth called the cage). The
object is then “bound” to the cage by computing a weight gi(p) of
each cage vertex Ci evaluated at the position of every object point p.
As the cage vertices are moved to new locations C0

i , the deformed
points p0 are computed from

p0 = Â
i

gi(p)C0
i . (1)

An example is shown in Figure 2(b). The weight functions gi(p)
used by Ju et al. are known as mean value coordinates [Floater
2003; Floater et al. 2005; Ju et al. 2005]. Mean value coordinates

Capitalize	  on	  investment	  in	  Computer	  Graphics	  and	  3D	  modeling	  -‐	  explosive	  
growth	  in	  CG	  for	  3D	  anima4on	  and	  gaming	  has	  produced	  mature	  tools

• Offer	  flexible	  surface	  manipula4on,	  batch	  processing,	  with	  natural	  
deforma4on	  &	  control	  –	  these	  tools	  are	  unmatched	  in	  aerospace	  industry

• ……………….	  	  	  	  	  	  	  is	  a	  vigorously	  developed	  open-‐source	  sojware	  
suite	  with	  800k	  users	  worldwide	  &	  15yrs	  of	  	  development
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Technical	  Approach

✓ Objec&ve	  #1	  –	  Constraint-‐Based	  Deforma&on
• Design	  parameters	  chosen	  at	  Design	  8me	  and	  modified	  on-‐the-‐fly

✓ Objec&ve	  #2	  –	  Framework	  for	  Automated	  Parameter	  Refinement
• Based	  on	  exis8ng	  Cart3D	  Design	  Framework

✓ Objec&ve	  #3	  –	  Develop	  Refinement	  Indicators
• Use	  adjoint-‐based	  sensi8vity	  informa8on

Objec&ve	  #4	  –	  Develop	  Comprehensive	  Refinement	  Strategy
• Determines	  pacing	  of	  introduc8on	  of	  new	  parameters	  for	  process	  
efficiency,	  robustness,	  &	  automa8on

• Currently	  prototyped,	  complete	  by	  end	  of	  Phase	  I

July	  9-‐11,	  2013 NASA	  Aeronau+cs	  Research	  Mission	  Directorate	  FY12	  Seedling	  Phase	  I	  Technical	  Seminar	   15
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Objective 1: Constraint-based Deformation and Parameterization
Tradi4onal	  free-‐form	  deforma4on	  exposes	  la_ce	  nodes	  as	  design	  variables

User manipulates 
lattice control points
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Tradi4onal	  free-‐form	  deforma4on	  exposes	  la_ce	  nodes	  as	  design	  variables
User manipulates 

lattice control points
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& simply specifies constraints
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Constraint-‐based	  approach	  puts	  design	  variables	  directly	  on	  surface

Objective 1: Constraint-based Deformation and Parameterization
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	  	  	  	  Constraint-‐based	  approach	  puts	  design	  variables	  directly	  on	  surface

Deformation Process: 
1. Modify design variables
2. Calculate exact constraints
3. Pseudo-inverse solve for new lattice
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f3 = zi = z

⇤
(20)

fthickness = yj � yi = t

⇤
(21)

f = vi � vj (22)

fangle = cos

�1
((v3 � v1) · (v2 � v1)) = ✓

⇤
(23)
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F (L) = X (1)

S = S (L) (2)

f (S (L)) = x (3)

f (L) = x (4)

C

⇤
= f(S) (5)

@S

@D

�D = �S (6)

�D =

✓
@S

@D

◆�1

�S (7)
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�D = �C (8)

�D =

✓
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�C (9)

Ax = b (10)

x = A

�1
b (11)

Table 1. Airfoil drag minimization results.

CD L/D CL1 CL2 CL3

Initial 0.0313 20 0.63 0.42 0.81

Phase I 0.0030 209 0.63 0.42 0.78

Phase II 0.0027 231 0.63 0.42 0.80

Table 2. Airfoil drag minimization results.

Design Point ↵init C

⇤
Lj

#1 2

�
0.42

#2 3

�
0.63

#3 4

�
0.81

Ji = CD +

✓
1� CL

C

⇤
L

◆2

(12)

J = J1 + J2 + J3 (13)

S = [x1 y1 z1

x2 y2 z2

...

xn yn zn]

(14)
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Design variables and constraintsLattice

Objective 1: Constraint-based Deformation and Parameterization

Anderson, G.R., Aftosmis, M.J., and Nemec, M., “Constraint-based Shape Parameterization for Aerodynamic Design”. 
ICCFD7 Paper-2001. 7th International Conference on Computational Fluid Dynamics (ICCFD7), July 2012.
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	  	  	  	  Constraint-‐based	  approach	  puts	  design	  variables	  directly	  on	  surface

Initial geometry 
and lattice

DVs constraints

Reposition DVs

Resize thickness 
constraints

Reposition DVs

1.

2.

3.

4.

Objective 1: Constraint-based Deformation and Parameterization

Anderson, G.R., Aftosmis, M.J., and Nemec, M., “Constraint-based Shape Parameterization for Aerodynamic Design”. 
ICCFD7 Paper-2001. 7th International Conference on Computational Fluid Dynamics (ICCFD7), July 2012.

•	  Get	  geometric	  
smoothness	  and	  
detailed	  control	  of	  
laNce

•	  Constraints	  and	  
DVs	  handled	  in	  
iden&cal	  manner

•	  Deformer	  can	  only	  
produce	  shapes	  
which	  sa&sfy	  
constraints.
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• Objec&ve	  #1	  –	  Constraint-‐Based	  Deforma&on

• Objec&ve	  #2	  –	  Framework	  for	  Automated	  Parameter	  Refinement

• Objec&ve	  #3	  –	  Develop	  Refinement	  Indicators

• Objec&ve	  #4	  –	  Develop	  Comprehensive	  Refinement	  Strategy

Review
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• Objec&ve	  #1	  –	  Constraint-‐Based	  Deforma&on

• Objec&ve	  #2	  –	  Framework	  for	  Automated	  Parameter	  Refinement

• Objec&ve	  #3	  –	  Develop	  Refinement	  Indicators

• Objec&ve	  #4	  –	  Develop	  Comprehensive	  Refinement	  Strategy

• Objec&ve	  #1	  –	  Mechanics	  of	  deformer

• Objec&ve	  #2	  –	  How	  to	  add	  DVs?

• Objec&ve	  #3	  –	  Where	  to	  add	  DVs?

• Objec&ve	  #4	  –	  When	  to	  add	  DVs?

Review
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Current	  approach	  is	  
classic	  h-‐refinement

Objective 2: On-the-fly enrichment of design space
Modify	  exis4ng	  Cart3D	  Design	  Framework	  for	  design-‐4me	  addi4on	  of	  DVs	  
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Current	  approach	  is	  
classic	  h-‐refinement

Objective 2: On-the-fly enrichment of design space
Modify	  exis4ng	  Cart3D	  Design	  Framework	  for	  design-‐4me	  addi4on	  of	  DVs	  
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Current	  approach	  is	  
classic	  h-‐refinement

Objective 2: On-the-fly enrichment of design space

Finer deformation modes

Modify	  exis4ng	  Cart3D	  Design	  Framework	  for	  design-‐4me	  addi4on	  of	  DVs	  
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Also	  enables	  adap4ve	  
h-‐refinement

Objective 2: On-the-fly enrichment of design space
Modify	  exis4ng	  Cart3D	  Design	  Framework	  for	  design-‐4me	  addi4on	  of	  DVs	  
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Also	  enables	  adap4ve	  
h-‐refinement

Objective 2: On-the-fly enrichment of design space
Modify	  exis4ng	  Cart3D	  Design	  Framework	  for	  design-‐4me	  addi4on	  of	  DVs	  

Adapta4on	  requires	  an	  indicator	  to	  
decide	  where	  DVs	  should	  be	  added
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Objective 3: Use adjoint to decide where to add DVs automatically?
Already	  solving	  adjoint	  equa4on	  system	  as	  part	  of	  gradient-‐based	  design
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Adjoint

Project gradient

Objective Function
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Gradient

(Drag, Lift, sonic boom)

( the “sensitivities” )
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Objective 3: Use adjoint to decide where to add DVs automatically?
Already	  solving	  adjoint	  equa4on	  system	  as	  part	  of	  gradient-‐based	  design
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Project gradient
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Objective 3: Use adjoint to decide where to add DVs automatically?
Already	  solving	  adjoint	  equa4on	  system	  as	  part	  of	  gradient-‐based	  design
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"Surface Objective Gradient"
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Objective 3: Use adjoint to decide where to add DVs automatically?
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Gradient The shape sensitivities come 
directly from the modeler

Sweep
Twist



NASA Aeronautics Research InstituteNASA Aeronautics Research Institute

Technical	  Approach	  

July	  9-‐11,	  2013 NASA	  Aeronau+cs	  Research	  Mission	  Directorate	  FY12	  Seedling	  Phase	  I	  Technical	  Seminar	   31

Objective 3: Use adjoint to decide where to add DVs automatically?
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Gradient

• The surface objective gradient comes 
from the adjoint and the derivative of the 
objective function

• Tells how sensitive the objective is to local 
changes in the surface

• We can just bin this up for regions of the 
surface associated with each DV
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Objective 3: Use adjoint to decide where to add DVs automatically?
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Gradient

• The surface objective gradient comes 
from the adjoint and the derivative of the 
objective function

• Tells how sensitive the objective is to local 
changes in the surface

• We can just bin this up for regions of the 
surface associated with each DV

• Localize:	  Refinement	  indicators	  are	  formed	  by	  aggrega4ng	  the	  surface	  
objec4ve	  gradient	  on	  regions	  of	  the	  surface	  associated	  with	  each	  DV.	  

• Rank	  and	  add	  DVs	  where	  indicators	  are	  the	  largest
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Objective 4: Decide when to add DVs based on process metrics

• Instrument	  the	  design	  framework	  to	  gather	  cpu	  and	  wall-‐clock	  
4me	  metrics

• Guard	  against	  over	  solving

•Monitor	  convergence	  rate	  of	  objec4ve	  func4on

• Take	  into	  account	  wall-‐clock	  4me,	  process	  robustness,	  process	  
efficiency	  and	  number	  of	  successful	  design	  itera4ons
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Inverse	  Design	  V&V	  Example	  in	  2D	  (Objec4ves	  1	  &	  2)
• Demonstrate	  correctness	  of	  results	  
• Demonstrates	  integra4on	  with	  complete	  Cart3D	  Design	  Framework	  

including	  flow	  &	  adjoint	  solvers

Self-‐adap4ve	  parameter	  refinement	  (Objec4ve	  3	  &	  4)
• Use	  adjoint-‐based	  surface	  sensi4vi4es	  to	  priori4ze	  introduc4on	  of	  new	  

design	  variables
• Shape-‐matching	  model	  problem
• Compare	  to	  uniform	  refinement

Demonstrate accomplishments and Verification & Validation examples 
performed during Phase 1 research
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Verification Example - Inverse design with uniform parameter refinement

• Use	  complete	  Cart3D	  design	  
framework	  &	  solvers

• Ini4al:	  NACA	  0010	  airfoil	  with	  
6	  DVs	  on	  surface

• Target:	  Kulfan	  airfoil	  with	  
known	  pressure	  distribu4on

• Objec4ve	  Func4on:
J =

Z
(P � PTarget)dS

Problem	  Statement:	  Advance	  design,	  automa4cally	  refining	  design	  
variables	  as	  necessary	  to	  recover	  target	  using	  uniform	  refinement.

Chord, x/C

Cp

0

-1

-2

1 Wing cross-section

Pressure Coefficient

Initial Target

Initial parameterization with 6 DVs 
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Level 4 (126 DVs)

Pressure Coefficient

Wing cross-section

Inverse Design - Discover shape to give a desired pressure profile

• Uniform	  refinement	  to	  a	  
total	  of	  126	  parameters

• Recovered	  pressure	  to	  
plo_ng	  accuracy	  at	  3rd	  
refinement	  (30	  DVs)

• Process	  en4rely	  automated

Problem	  Statement:	  Advance	  design,	  automa4cally	  refining	  design	  
variables	  as	  necessary	  to	  recover	  target	  using	  uniform	  refinement.
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Objective Convergence

Search Direction
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Inverse Design - Discover shape to give a desired pressure profile

• Examine	  convergence	  of	  objec4ve	  
func4on

• Reduced	  objec4ve	  func4on	  by	  4	  orders	  
of	  magnitude	  in	  120	  design	  cycles

• Target	  recovered	  to	  plo_ng	  accuracy	  
in	  40	  design	  cycles	  with	  30	  DVs

• New	  parameters	  introduced	  when	  
improvement	  slows

• Final	  strategy	  for	  pacing	  refinement	  
s4ll	  in	  development
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Objec4ve	  func4on:	  Point-‐wise	  difference	  between	  ver4ces

Problem	  Statement:	  Transform	  generic	  airfoil	  to	  RAE	  2822	  
using	  	  self-‐adap4ve	  parameter	  refinement:

RAE 2822 airfoilInitial airfoil

2. Optimization Results

Figure 8 shows the successful recovery of the target airfoil and pressure distribution. As shown in Figure 8c,
the objective function was reduced by 12 orders of magnitude over 50 design iterations, indicating recovery of
the target pressure distribution to machine zero. The deep convergence verifies that our platform performs
accurate and repeatable deformations of discrete geometries.

Flow and adjoint solutions were performed on meshes of about 12,000 cells. Each design iteration required
at most 240 seconds on a current generation desktop CPU.e Computation of surface sensitivities required
about 7 seconds per design variable, using the automatic surface mesh di�erentiation in the XDDM toolset.
Similar studies using our platform’s internal mesh di�erentiator cut the geometry processing time roughly
in half.
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Figure 8: 2D inverse design results (Mach 0.57, ↵ = 3.1�).

B. Shape Matching

Initial Profile (NACA 0012)

Final Recovered Profile (RAE 2822)

Figure 9: Blender lattice parameterization for shape-
matching problem.

In this example we drive a NACA 0012 airfoil to a
target RAE 2822 airfoil using two di�erent defor-
mation techniques. We solve the shape-matching
problem first using our platform’s lattice deforma-
tion technique (shown in Figure 9) and then using
MASSOUD,24 thereby benchmarking Blender’s lat-
tice deformer against a tool specifically developed
for aerodynamic shape design.

1. Parameterization and Objective

We first enclose the airfoil in a lattice, as shown in Figure 9. The lattice is identical to the one used in the first
example, except that now all 20 thickness and camber parameters are used as active design variables. Next,
we next create an analogous parameterization in MASSOUD, using a control net with 10 chord stations,
aligned with the Blender lattice control points. Thickness and camber can be set at each station, for a
total of 20 active variables. The purely geometric shape-matching objective is a sum of distances between
corresponding vertices:

J =
nverts�

i=1

(v � v�)2i (9)

where vi are the current vertex coordinates and v�
i are the corresponding target vertex coordinates.

eXeon Westmere processor

11 of 18

American Institute of Aeronautics and Astronautics

Current 
coordinates

Target 
coordinates

Self-adaptive parameter refinement: Shape-matching example
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Self-adaptive parameter refinement: Shape-matching example

Objec4ve	  func4on:

RAE 2822 airfoilInitial airfoil

2. Optimization Results

Figure 8 shows the successful recovery of the target airfoil and pressure distribution. As shown in Figure 8c,
the objective function was reduced by 12 orders of magnitude over 50 design iterations, indicating recovery of
the target pressure distribution to machine zero. The deep convergence verifies that our platform performs
accurate and repeatable deformations of discrete geometries.

Flow and adjoint solutions were performed on meshes of about 12,000 cells. Each design iteration required
at most 240 seconds on a current generation desktop CPU.e Computation of surface sensitivities required
about 7 seconds per design variable, using the automatic surface mesh di�erentiation in the XDDM toolset.
Similar studies using our platform’s internal mesh di�erentiator cut the geometry processing time roughly
in half.
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Figure 8: 2D inverse design results (Mach 0.57, ↵ = 3.1�).

B. Shape Matching

Initial Profile (NACA 0012)

Final Recovered Profile (RAE 2822)

Figure 9: Blender lattice parameterization for shape-
matching problem.

In this example we drive a NACA 0012 airfoil to a
target RAE 2822 airfoil using two di�erent defor-
mation techniques. We solve the shape-matching
problem first using our platform’s lattice deforma-
tion technique (shown in Figure 9) and then using
MASSOUD,24 thereby benchmarking Blender’s lat-
tice deformer against a tool specifically developed
for aerodynamic shape design.

1. Parameterization and Objective

We first enclose the airfoil in a lattice, as shown in Figure 9. The lattice is identical to the one used in the first
example, except that now all 20 thickness and camber parameters are used as active design variables. Next,
we next create an analogous parameterization in MASSOUD, using a control net with 10 chord stations,
aligned with the Blender lattice control points. Thickness and camber can be set at each station, for a
total of 20 active variables. The purely geometric shape-matching objective is a sum of distances between
corresponding vertices:

J =
nverts�

i=1

(v � v�)2i (9)

where vi are the current vertex coordinates and v�
i are the corresponding target vertex coordinates.
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Surface	  Gradient:

Differentiate objective function

Problem	  Statement:	  Transform	  generic	  airfoil	  to	  RAE	  2822	  
using	  	  self-‐adap4ve	  parameter	  refinement:
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Self-adaptive parameter refinement: Shape-matching example

Problem	  Statement:	  Transform	  generic	  airfoil	  to	  RAE	  2822

• Use	  constraint-‐based	  deforma4on	  for	  surface	  manipula4on

• Form	  refinement	  indicator	  by	  aggrega4on	  of	  surface	  gradient

• Compare	  with	  uniform	  refinement	  of	  parameteriza4on

RAE 2822 airfoilInitial airfoil

6 DVs on initial shape
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Self-adaptive parameter refinement: Shape-matching example

• Baseline	  convergence	  with	  
uniform	  refinement	  (62	  DVs)

• 7	  orders	  of	  magnitude	  
reduc4on	  in	  J	  in	  100	  design	  
itera4ons.
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Self-adaptive parameter refinement: Shape-matching example

• Repeat	  using	  adap4ve	  
parameteriza4on

• 1.5x	  growth	  at	  each	  
adapta4on

• 35%	  fewer	  design	  itera4ons,	  
with	  only	  28	  DVs	  on	  full	  set	  
of	  62DVs

Optimization Convergence
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Final 
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1.5x growth
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Self-adaptive parameter refinement: Shape-matching example
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Self-adaptive parameter refinement: Shape-matching example
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Self-adaptive parameter refinement: Shape-matching example
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Self-adaptive parameter refinement: Shape-matching example

First Refinement “R1” (6DVs)

First	  refinement,	  add	  3	  new	  DVs	  (1.5x	  growth)
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• Strategic	  Goals	  3	  &	  4	  –	  Develop	  berer	  mul4disciplinary	  design	  
tools	  and	  advance	  aeronau4cs	  for	  societal	  benefit

• Outcome	  4.1	  –	  Provide	  design	  tools	  for	  vehicles	  with	  significantly	  
improved	  performance.	  Working	  directly	  with	  efforts	  in

• Environmentally	  Responsible	  Avia4on	  (ERA)	  –	  Integra4on	  of	  
ultra-‐high-‐bypass	  propulsion	  systems

• FA:	  Sub-‐/Transonic	  aircraj	  –	  Flexible	  aircraj	  &	  VCCTEF
• FA:	  High-‐Speed	  –	  Supersonic	  design	  for	  low-‐sonic	  boom
• FA:	  Rotary	  Wing	  –	  Design	  tools	  for	  rotary	  wing

• Aeronau4cal	  Sciences	  –	  Improved	  tools	  for	  MDO

Impact on both ARMD mission-level goals and direct impact on 
specific programs and projects currently in ARMD portfolio
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Specific ARMD efforts directly supported during Phase I research

VCCTEF Wing Model

Adap8ve	  Aeroelas8c	  Shape	  Control	  program	  &	  Variable	  Camber	  
Con8nuous	  Trailing	  Edge	  Flap	  (VCCTEF)	  design
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Impact	  –	  Direct	  Impact
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Adap8ve	  Aeroelas8c	  Shape	  Control	  program	  &	  Variable	  Camber	  
Con8nuous	  Trailing	  Edge	  Flap	  (VCCTEF)	  design

Twist 
control 
stations

Twist at 
each 

station is  
confined to 
pitch plane

Jig-shape (baseline) wing

Loaded wing with deflection and twist

Undeflected

Deflected
Optimized

Wing Twist Deformer Used for 
Aerostructural Optimization for VCCTEF 

Wind Tunnel Model Design

Blender plugin for twist deformation• Use	  Blender	  plug-‐in	  as	  geometry	  engine	  
for	  enac4ng	  deforma4on	  of	  highly	  
flexible	  VCCTEF	  wing

• Provided	  Blender	  plug-‐in	  for	  custom	  
wing-‐twist	  parameteriza4on

• Used	  Blender	  interface	  to	  Cart3D	  
Design	  Framework	  for	  coupled	  aero-‐
structural	  op4miza4on	  of	  VCCTEF	  wind-‐
tunnel	  model

• Enabled	  both	  bending	  &	  twist	  in	  design

Specific ARMD efforts directly supported during Phase I research
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Fundamental	  Aeronau8cs:	  High-‐Speed	  Project
Low	  Sonic	  Boom	  Design	  Tools

• Tunnel	  tests	  of	  N+2	  low-‐boom	  models	  
measured	  deflec4on	  due	  to	  air	  loads	  

• Plan	  is	  to	  compute	  sensi4vity	  of	  boom	  
signature	  to	  model	  deflec4ons

• Constraint-‐based	  deforma4on	  
developed	  in	  Phase	  I	  is	  best	  (and	  only)	  
method	  for	  applying	  these	  deflec4ons	  
to	  the	  computa4onal	  models

• This	  tool	  is	  produc4on	  ready	  and	  will	  
be	  applied	  to	  this	  problem	  in	  Aug	  2013

Specific ARMD efforts directly supported during Phase I research

Aerostructural Deflections 
Measured on N+2 Supersonic 

Low Boom Model

NASA ARC 9x7 ft 
Supersonic Tunnel



NASA Aeronautics Research InstituteNASA Aeronautics Research Institute

Impact	  –	  Direct	  Impact

July	  9-‐11,	  2013 NASA	  Aeronau+cs	  Research	  Mission	  Directorate	  FY12	  Seedling	  Phase	  I	  Technical	  Seminar	   51

Joint	  work	  with	  AFRL	  on	  UAV	  Flight	  in	  Light	  Urban	  Landscapes

• All	  geometry	  for	  analysis	  produced	  using	  Cart3D	  plug-‐ins	  for	  Blender
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Impact	  –	  Direct	  Impact
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Support	  DOE	  study	  of	  aerodynamics	  of	  class	  8	  tractor-‐trailer	  trucks

• Produced	  geometry	  for	  analysis	  using	  Cart3D	  plug-‐ins	  for	  Blender

• Tunnel	  tests	  done	  in	  ARC	  NFAC	  80	  x	  120	  j
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• Cart3D	  design	  framework:	  TRL	  8-‐9
‣ Over	  350	  users	  supported	  
‣ Design	  Framework	  in	  use	  in	  NASA,	  DoD,	  Industry	  and	  Academia

• Blender:	  TRL	  9
‣ Over	  800,000	  downloads	  from	  www.blender.org

• Constraint-‐Based	  Deforma4on	  Blender	  plugin:	  TRL	  6

• Rigid-‐wing	  deformer	  for	  aeroelas4c	  design:	  TRL	  7

• Self-‐adap4ve	  parameteriza4on:	  TRL	  4
‣ Deployed	  in	  Cart3D	  Design	  Framework	  by	  end	  of	  Phase	  I

TRL levels of various independent tools and components developed 
during Phase I
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• Over	  350	  users	  of	  Cart3D	  within	  NASA,	  DoD,	  DOE	  &	  Academia

• Support	  for	  adap4ve	  parameteriza4on	  built-‐into	  Cart3D	  Design	  
Framework

• Blender	  user	  community	  has	  tremendous	  on-‐line	  support	  network	  
(videos,	  tutorials,	  etc)	  for	  new	  users
• Blender	  plug-‐ins	  will	  be	  distributed	  with	  Design	  Framework

• Detailed	  dissemina4on	  plan	  included	  in	  Phase	  II	  milestones
• Includes	  alpha	  &	  beta-‐test	  programs
• Includes	  workshop,	  tutorials	  and	  how-‐to	  videos

• Dissemina4on	  of	  technical	  developments	  through	  publica4on,	  
seminars	  and	  professional	  mee4ngs

Existing Cart3D user-base provides excellent path for dissemination
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Technical	  Dissemina+on

• Anderson, G. R., Aftosmis, M. J., and Nemec, M., “Parametric Deformation of Discrete Geometry for Aerodynamic Shape 
Design,” AIAA Paper 2012-0965,  January 2012. also Presented  at AMS Seminar Series,  Invited Speaker, NASA ARC,  Feb. 
2012.
• Anderson, G.R., Aftosmis, M.J., and Nemec, M., “Constraint-based Shape Parameterization for Aerodynamic Design”. ICCFD7 

Paper-2001. 7th International Conference on Computational Fluid Dynamics (ICCFD7), July 2012.
• Anderson, G.R., Aftosmis, M.J., and Nemec, M. “Shape parameterization for Aerodynamic Design”, Presented (Stanford 

University) March 2013.
• Aftosmis, M.J., Nemec, M., & Rodriguez, D., “Twist Optimization of the VCCTEF Wind Tunnel Model” Presented (NASA) May, 

2013.
• Aftosmis, M.J., “Inviscid Simulations of Light Urban Environments with Earth Boundary-Layers”, Presented (NASA) May 2013.
• Rodriguez, D.L., Aftosmis, M.J., Nemec, M., Smith, S.C.,  “Static Aeroelastic Analysis with an Inviscid Cartesian Method” 

submitted to 2014 AIAA Sci-Tech Meeting, Jan 2014.

July	  9-‐11,	  2013 NASA	  Aeronau+cs	  Research	  Mission	  Directorate	  FY12	  Seedling	  Phase	  I	  Technical	  Seminar	   2 55

Technical publications and presentations using this work

• Stanford	  University	  Ph.D	  thesis	  (2014-‐15	  academic	  year)

• Journal	  and	  conference	  papers	  planned	  under	  Phase	  II

• NASA	  TM	  Planned	  under	  Phase	  II
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Summary	  of	  Current	  Status
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Objec4ve	  1:	  Constraint-‐based	  parameteriza4on	  -‐	  [Complete]	  Implemented	  in	  2	  &	  3	  
dimensions,	  Blender	  plug-‐ins	  in	  source	  repository.	  Presented	  at	  interna4onal	  ICCFD	  
mee4ng.	  

Objec4ve	  2:	  Automated	  Parameter	  Refinement	  Framework	  -‐	  [Complete]	  Prototype	  
running	  and	  available.	  Modified	  Cart3D	  Design	  Framework	  in	  source	  Repository.	  

Objec4ve	  3:	  Adjoint-‐based	  Refinement	  Indicators	  -‐	  [Prototyped]	  Various	  binning	  
strategies	  working	  in	  two-‐dimensions	  using	  adjoint	  surface	  sensi4vi4es.	  Leverages	  
same	  discrete	  adjoint	  solve	  as	  shape	  design	  gradients.	  In	  source	  repository.

Objec4ve	  4:	  Refinement	  Strategy	  -‐	  [In	  Progress]	  Controls	  pacing	  of	  introduc4on	  of	  
new	  parameters	  into	  op4miza4on.	  Goal	  is	  robust	  strategy	  to	  maximize	  design	  
improvement	  at	  fixed	  computa4onal	  cost.	  Expected	  complete	  by	  end	  of	  Phase	  I.	  

No schedule issues, expect completion of all objectives by end of Phase I
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Next	  Steps
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• Objec4ve	  1:	  Constraint-‐based	  parameteriza4on	  -‐	  [Complete]

• Objec4ve	  2:	  Automated	  Parameter	  Refinement	  Framework	  -‐	  [Complete]	  

• Objec4ve	  3:	  Adjoint-‐based	  Refinement	  Indicators	  -‐	  [Prototyped]	  Finish	  
evalua4on	  and	  implement	  in	  produc4on	  code-‐base.

• Objec4ve	  4:	  Refinement	  Strategy	  -‐	  [In	  Progress]	  Complete	  by	  end	  of	  Aug	  2013.
• Release	  to	  alpha-‐testers,	  include:	  
• Updated	  Cart3D	  Design	  Framework	  
• Release	  Blender	  plug-‐ins	  for	  basic	  discrete	  geometry	  engine,	  constraint-‐based	  
deforma4on,	  mul4-‐segment	  twist	  plugin,	  adjoint-‐based	  refinement	  indicator

• Complete	  deforma4on	  of	  low-‐boom	  supersonic	  wind	  tunnel	  model	  	  –	  Aug	  2013

• Submit	  Phase	  II	  NARI	  Seedling	  proposal	  with	  complete	  dissemina4on	  plan

• Submit	  Phase	  I	  final	  report	  &	  abstract	  to	  AIAA	  summer	  mee4ng
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